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Abstract 21 
Aminobacter sp. MSH1 grows on and mineralizes the groundwater micropollutant 2,6-22 
dichlorobenzamide (BAM) and is of interest for BAM removal in drinking water treatment 23 
plants (DWTPs). The BAM-catabolic genes in MSH1 are located on plasmid pBAM1 carrying 24 
bbdA encoding the conversion of BAM to 2,6-dichlorobenzoic acid (2,6-DCBA) (BbdA+ 25 
phenotype) and plasmid pBAM2 carrying gene clusters encoding the conversion of 2,6-DCBA 26 
to TCA cycle intermediates (Dcba+ phenotype). Indications exist that MSH1 loses easily its 27 
BAM-catabolic phenotype. Evidence was obtained that MSH1 rapidly develops a population 28 
that lacks the ability to mineralize BAM when grown on non-selective (R2B medium) and 29 
semi-selective (R2B with BAM) medium. Lack of mineralization was explained by loss of the 30 
Dcba+ phenotype and corresponding genes. The ecological significance of this instability for 31 
the use of MSH1 for BAM removal in the oligotrophic environment of DWTPs was explored 32 
in lab and pilot systems. A higher incidence of BbdA+ Dcba- MSH1 cells was also observed 33 
when MSH1 was grown as biofilms in flow chambers under C and N starved conditions due 34 
to growth on non-selective residual assimilable organic carbon. Similar observations were 35 
done in a pilot sand filter reactor bioaugmented with MSH1. BAM conversion to 2,6-DCBA 36 
was though not affected by loss of the DCBA catabolic genes. Our results show that MSH1 is 37 
prone to BAM-catabolic instability under the conditions occurring in a DWTP. While 38 
conversion of BAM to 2,6-DCBA remains unaffected, BAM-mineralization activity is at risk 39 
and monitoring of metabolites is warranted. 40 
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Importance 41 
Bioaugmentation of dedicated biofiltration units in DWTPs with bacterial strains that grow 42 
on and mineralize micropollutants was suggested as an alternative for treating 43 
micropollutant-contaminated water in a drinking water treatment plant (DWTP). Organic 44 
pollutant catabolic genes in bacteria are often easily lost especially under non-selective 45 
conditions which will affect the bioaugmentation success. In this study, we provide evidence 46 
that Aminobacter sp. MSH1 that uses the common groundwater micropollutant 2,6-47 
dichlorobenzamide (BAM) as a C-source, shows a high frequency of loss of its BAM-48 
mineralizing phenotype due the loss of genes that convert 2,6-DCBA to Krebs cycle 49 
intermediates when non-selective conditions occur. Moreover, we show that catabolic gene 50 
loss also occurs in the oligotrophic environment of DWTPs where growth of MSH1 mainly 51 
depends on the high fluxes of low concentration of assimilable organic carbon and hence 52 
show the ecological relevance of catabolic instability for using strain MSH1 for BAM removal 53 
in DWTPs. 54 
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Introduction 55 
2,6-dichlorobenzamide (BAM), a transformation product of the herbicide dichlobenil, is a 56 
major groundwater micropollutant that hampers groundwater-based drinking water 57 
production. Concentrations of BAM in groundwater are typically in the trace concentration 58 
range of ng-µg/L (1, 2), frequently surpassing the EU threshold limit of 0.1 µg/L for drinking 59 
water (3). Wells that extract BAM-contaminated groundwater intended for drinking water 60 
production are either closed or drinking water treatment plants (DWTPs) (4) employ 61 
additional expensive treatment steps such as granular activated carbon (GAC) filtration or 62 
ozonization to lower the BAM concentration below the EU threshold limit (5, 6). 63 
Bioremediation is suggested as a green and economically sound alternative to remove 64 
micropollutants from water intended for drinking water consumption in DWTPs (7, 8). 65 
Aminobacter sp. MSH1 is an aerobic soil isolate that mineralizes BAM and uses the 66 
compound as C, N and energy source (2, 9). The organism was proposed as a candidate 67 
biological catalysts for bioaugmentation of dedicated filtration units in DWTPs to treat BAM 68 
contaminated intake water (8). 69 
Bioaugmentation in DWTPs for the treatment of micropollutants is, however, challenging 70 
since the inoculated strain needs to maintain sufficient biomass and pollutant degrading 71 
activity in the highly oligotrophic conditions (7). In a recent study, strain MSH1 was grown as 72 
biofilms in flow channels continuously fed with mineral salts medium containing BAM 73 
concentrations as low as 1 µg/L BAM (10). Below feed concentrations of 100 µg/L BAM, 74 
growth of MSH1 is mainly due to residual assimilable organic carbon (AOC) present in the 75 
minimal medium. Moreover, MSH1 specific BAM-degrading activity was reduced 100-fold 76 
compared to freshly grown cells due to C and/or N starvation (10). A similar reduction in 77 
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specific BAM-degrading activity was found in a DWTP pilot scale sand filter study that 78 
investigated bioaugmentation with Aminobacter sp. MSH1 for treating BAM-contaminated 79 
groundwater (9). An often observed feature of organic xenobiotic degrading bacteria, that 80 
might contribute to reduced activity, is instability of the genes encoding pollutant 81 
catabolism. The genes encoding catabolic pathways for organic xenobiotic degradation are 82 
often located on plasmids and/or bordered by insertion elements at both sites of the 83 
catabolic cluster. Segregation of a catabolic strain into variants that lost the catabolic 84 
phenotype when the strain is grown on (specified) non-selective conditions, was observed in 85 
various xenobiotic catabolic strains due to either complete plasmid loss or intramolecular 86 
genetic rearrangements (11). The genes that encode BAM metabolism and hence BAM-87 
mineralization in MSH1 are carried by two plasmids, i.e., the IncP-1 plasmid pBAM1 that 88 
contains the bbdA gene responsible for conversion of BAM to 2,6-dichlorobenzoic acid (2,6-89 
DCBA) (BbdA+ phenotype) (12) and the repABC family plasmid pBAM2 that carries two gene 90 
clusters responsible for degradation of 2,6-DCBA to Krebs cycle intermediates (Dcba+ 91 
phenotype), i.e., bbdR1B1B2B3CDE and bbdFGHIJK (T’Syen, unpublished results). Mutants 92 
that lack one of the two or both genotypes and hence are defective in BAM-mineralization, 93 
were isolated when MSH1 was grown on non-selective medium indicating that the strain is 94 
genetically unstable regarding BAM-mineralization and catabolism (12). 95 
The micropollutant concentrations of BAM present in DWTP intake water represents only a 96 
minority of the organic carbon available for growth. Instead, as reported above, growth of 97 
MSH1 will mainly depend on the high fluxes of low concentrations of AOC in the water which 98 
will impose non-selective conditions for MSH1 and his BAM-catabolic features. This might 99 
result into the loss of the BAM-catabolic genes which likely affects BAM-degrading activity. 100 
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In this study, we examined conditions under which a MSH1 population loses the BAM-101 
catabolic phenotype and determined whether this might also occur and affect BAM-102 
degradation activity in MSH1 biofilms grown under the C and N starved conditions that occur 103 
in DWTPs. 104 
Material and methods 105 
Media preparation and bacterial cultivation. Aminobacter sp. MSH1-GFP, a green 106 
fluorescent protein (GFP) labeled and kanamycin (Km) resistant variant (10) of Aminobacter 107 
sp. MSH1 (2) was used in this study. Unless specified otherwise, MSH1-GFP was grown on 108 
R2A (13) or its broth version R2B (R2A with agar omitted from medium) supplemented with 109 
200 mg/L BAM. MSH1-GFP was cryopreserved at -80°C prior to its use. 110 
Stability of BAM-mineralization in MSH1-GFP during short term growth on different media. 111 
For performing Experiment A (Step 1) (Table 1), MSH1-GFP was plated from the cryostock on 112 
a R2A plate with 200 mg/L BAM and incubated for 4 days (25°C). A smear of colonies was 113 
taken from the plate and suspended in 1 mL of 10 mM MgSO4 isotonic solution. From the cell 114 
suspension, 8 μL was inoculated in reaction tubes in triplicate containing 8 mL of either R2B, 115 
R2B with 200 mg/L BAM or mineral salts (MS) medium (14) with 200 mg/L BAM. The cultures 116 
were incubated at 25°C on a horizontal shaker until growth reached exponential phase at an 117 
optical density at 660 nm (OD660nm) of 0.1. The cultures were centrifuged (6000 x g, 15’), 118 
washed three times with 10 mM MgSO4 solution and resuspended in 10 mM MgSO4. Cell 119 
suspensions were serially diluted in 10 mM MgSO4  and the dilutions plated on R2A plates 120 
with 200 mg/L BAM. The plates were incubated at 25°C for 4 days. Ninety six colonies were 121 
picked and transferred to separate wells in a sterile U96 DeepwellTM plate 2.0 mL (Nunc) 122 
containing 100 µL MS medium amended with 3000 cpm of [Ring-U-14C]-labeled BAM (> 97% 123 
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purity) (Izotop, Institute of Isotopes Co., Ltd., Budapest, Hungary). The 96 well plates were 124 
incubated at 25°C and the 14CO2 produced in the wells from 14C-BAM-mineralization was 125 
measured after two weeks as described (15). For Experiment A (Step 2) (Table 1), part of the 126 
culture grown in MS with 200 mg/L BAM in step 1 was transferred in triplicate (at a cell 127 
density of 104 cells/mL) to reaction tubes containing 8 mL of either R2B, R2B with 200 mg/L 128 
BAM and MS with 200 mg/L BAM. After incubation at 25°C for respectively 2, 2 and 7 days, 129 
the cultures were harvested in the exponential phase at an OD660nm of 0.1, serially diluted in 130 
10 mM MgSO4, and plated on R2A plates with 200 mg/L BAM. The plates were incubated for 131 
5 days at 25°C and 96 colonies were examined for BAM-mineralization as explained above. 132 
Amongst several BAM-mineralizing and none-BAM-mineralizing colonies, 10 were selected 133 
and resuspended in 10 mM MgSO4. The cells were lysed by heating at 90°C for 30 min and 134 
colony PCR was performed targeting the catabolic genes bbdA, bbdD and bbdF as described 135 
below. Amplicons were separated by agarose gel electrophoresis (90 V, 45 min, 1.5% 136 
agarose in TAE buffer) and visualized with an Ingeny Geldoc. 137 
Stability of the BAM-catabolic genotypes in a MSH1-GFP population during sequential 138 
batch growth for up to 100 generations under varying conditions. For Experiment B (Table 139 
1), strain MSH1-GFP was grown on R2A plates with 200 mg/L BAM. A smear of MSH1-GFP 140 
colonies was transferred to MS medium amended with 200 mg/L BAM and cultures were 141 
incubated at 25°C for 7 days. Cultures were harvested at OD660nm of 0.1 by centrifugation 142 
(6000 rpm, 15’) and washed three times in 10 mM MgSO4. The cell suspension was diluted 143 
and about 103-104 cells of strain MSH1-GFP were inoculated in triplicate in 4 mL of either 144 
R2B, R2B with 20 mg/L BAM, R2B with 200 mg/L BAM or MS with 200 mg/L BAM. Cultures 145 
were grown until an OD660nm of 0.4 (20 generations) in R2B, R2B with 20 mg/L BAM and R2B 146 
with 200 mg/L BAM and until an OD660nm of 0.1 (18 generations) in MS with 200 mg/L BAM at 147 
 o
n
 April 4, 2017 by KU Leuven University Library
http://aem
.asm
.org/
D
ow
nloaded from
 
8 
 
25°C. From these cultures, 103 - 104 cells were transferred to the same growth medium for 148 
growing the next 18-20 generations. The cultures were as such transferred five times making 149 
up at least 95 generations in total. At each transfer, the exact OD660nm was determined and 150 
samples of 1 mL were taken for DNA extraction. DNA was extracted using a cetyl 151 
trimethylammonium bromide (CTAB) DNA extraction method (16) and the extracts were 152 
analysed by qPCR targeting the MSH1 16S rRNA gene and the catabolic genes bbdA, bbdD 153 
and bbdF as described below. 154 
Flow chamber experiment for assessing stability of BAM-catabolism in MSH1-GFP biofilms. 155 
Two experiments (Experiments C and D) (Table 1) employed the flow chamber setup 156 
described by Weiss-Nielsen et al. (17) to grow MSH1-GFP biofilms in C and N starved 157 
continuous conditions as reported by Sekhar et al. (10). In the first flow chamber experiment 158 
(Experiment C), MSH1-GFP cell suspensions with either a high incidence of the BbdA+Dcba+ 159 
phenotype (designated as DCBA+ inoculum) or a high incidence of the BbdA+Dcba- 160 
phenotype (designated as DCBA- inoculum), were inoculated in triplicate flow channels 161 
which were continuously fed with MS medium containing different nominal concentrations 162 
of BAM, i.e., 1 mg/L, 100 µg/L, 10 µg/L, 1 µg/L or no BAM. The DCBA+ inoculum and and 163 
DCBA- inoculum were obtained by cultivating a smear of MSH1-GFP colonies taken from a 164 
R2A plate with 200 mg/L BAM, in, respectively R2B with 200 mg/L BAM (2 days) and MS with 165 
200 mg/L BAM (7 days), at 25°C. Flow channels were inoculated with 4 x 107 MSH1-GFP cells 166 
as described before (10). In the second flow chamber experiment (Experiment D), triplicate 167 
flow channels were, as in Experiment C was set-up identical to Experiment D, except that the 168 
AOC (extraneous to BAM) in the feed MS medium, estimated at around 100 µg/L in flow cell 169 
experiment C, was reduced by overnight acid washing of the influent bottles with 2 N HCl 170 
and rinsing three times with ultrapure water (MilliQ) (18). Estimations of MSH1-GFP biofilm 171 
 o
n
 April 4, 2017 by KU Leuven University Library
http://aem
.asm
.org/
D
ow
nloaded from
 
9 
 
biomass showed that this resulted into a 3-fold reduction in AOC concentration in the feed, 172 
i.e., around 20-30 µg/L AOC (data not shown). In both experiments C and D, non-inoculated 173 
control channels in triplicate were included for each BAM feed concentration to estimate 174 
abiotic BAM removal and growth of contaminant microbiota. MSH1-GFP biofilms were in all 175 
cases grown for four weeks and influent and effluent samples were taken regularly for 176 
determining actual influent and effluent BAM concentrations using UPLC-UV/VIS (BAM > 1 177 
µg/L) or UPLC-MS/MS (BAM< 1µg/L) as described (10). BAM-degradation efficiency of the 178 
systems was calculated as the difference between the residual concentration in the effluent 179 
of the abiotic control and this in the inoculated flow channel as a percentage of the residual 180 
concentration in the effluent of the abiotic control. Confocal Laser Scanning Microscopy 181 
(CLSM) was used for the acquisition of 3D-images of MSH1-GFP biofilms at three locations in 182 
the middle of the length of the flow channel at the end of the experiments as reported (10). 183 
Images were only taken in the middle since previous work showed that biofilm structure and 184 
colony size did not differ between different locations along the length of the flow channel 185 
(10). The CLSM images allowed to assess biofilm biomass generated by MSH1-GFP and hence 186 
to assess cell growth. For each system, nine image stacks (3 images in 3 replicates) of the 187 
MSH1-GFP biofilms were used to calculate the total biofilm biovolume (µm³) using COMSTAT 188 
(19). Total biovolume values were used to calculate the total MSH1-GFP cell numbers in the 189 
biofilm as described (10). After CLSM, MSH1-GFP biofilm cells in the flow channels were 190 
collected by rinsing the channels with 10 mM MgSO4 for CTAB DNA extraction(16). DNA 191 
extracts were analysed with qPCR targeting the MSH1-GFP 16S rRNA gene bbdA and bbdD as 192 
described below. 193 
BAM-catabolic stability in MSH1 in a bioaugmented pilot scale sand filter. A pilot scale sand 194 
filter experiment (Experiment E) (Table 1) was previously performed (20) to assess the 195 
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feasibility of bioaugmenting DWTP sand filter units with the wild type MSH1 for removing 196 
BAM in the intake water until below the threshold limit of 0.1 μg/L. Detailed explanation 197 
about the system and the operational parameters are described in Horemans et al. (20). 198 
Influent BAM concentrations throughout the experiment were 0.19±0.04 µg/L. The sand 199 
filters were inoculated with an MSH1 cell suspension derived from a culture either (i) grown 200 
in R2B with 200 mg/L BAM for two days prior to inoculation or (ii) grown in MS with 200 201 
mg/L BAM for 7 days and subsequently in R2B for 2 days (to maximize cell biomass) creating, 202 
as in Experiments C and D, respectively a DCBA- inoculum and a DCBA+ inoculum. Duplicate 203 
samples of the effluent water and of the top layer (upper 20 cm layer) of the sand filters 204 
were taken regularly from which DNA was extracted (20). Duplicate DNA extracts from 205 
effluent and top layer sand filter material were used for qPCR analysis of bbdD. 206 
PCR and real time qPCR for the detection and quantification of the MSH1-GFP 16S rRNA, 207 
bbdA, bbdD and bbdF genes. PCR and qPCR used in this study targeted the Aminobacter sp. 208 
MSH1 16S rRNA gene and the catabolic genes bbdA, bbdD and bbdF. bbdA encodes for the 209 
conversion of BAM into 2,6-DCBA (12). Both bbdD and bbdF are involved in the degradation 210 
of 2,6-DCBA. Biochemical and sequence analysis indicates that bbdD performs hydroxylation 211 
of the aromatic moiety of 2,6-DCBA for preparation of ring-cleavage. Based on sequence 212 
analysis, bbdF likely performs ring-cleavage. Colony PCR was performed on colonies 213 
suspended in 100 µL UV-sterilized ultrapure water and heat lysed for 30 min at 95°C. PCR 214 
reaction mixtures (50 µL) consisted of 0.25 µL Taq DNA polymerase (DreamTaq DNA 215 
polymerase, Thermo Scientific), 2.5 µL of 10 µM forward primer, 2.5 µL of 10 µM reverse 216 
primer (Table 2), 1 µL of 10 mM of each dNTP (Invitrogen), 5 µL 10x DreamTaq Green Buffer 217 
(Thermo Scientific), 5 µL 1% BSA (bovine serum albumin), 30 μL PCR-H2O and 1 µL of the 218 
lysed colony suspension. The amplification reaction was 5 min at 94°C followed by 35 cycles 219 
 o
n
 April 4, 2017 by KU Leuven University Library
http://aem
.asm
.org/
D
ow
nloaded from
 
11 
 
of 1 min at 94°C, 1 min at 59°C and 1 min at 72°C and ending with a final 5 min at 72°C. qPCR 220 
was performed for each DNA sample in duplicate in a Rotor Gene Real-Time Centrifugal DNA 221 
Amplification Apparatus (Corbett Research) using the SYBR Green detection method. The 15 222 
μL reaction mixture contained 7.5 µL ABsolute qPCR SYBR Green mix 2x (Thermo Scientific), 223 
0.3 µL forward primer (200 nM), 0.3 µL reverse primer (200 nM) (Table 2), 3.9 µL nuclease 224 
free water and 3 µL of template DNA. The amplification reactions included 15 min at 95°C 225 
followed by 40 cycles of 20 s at 95°C, 20 s at 60°C and 20 s at 72°C. Fluorescence acquisition 226 
was performed at each cycle after the elongation step at 72°C. Used DNA standards were 227 
MSH1 16S rRNA gene, bbdA, bbdD and bbdF amplicons derived by conventional PCR from 228 
MSH1 genomic DNA as described above but using 1 µL (10 ng) of MSH1 genomic DNA as 229 
template and were serially diluted (10-fold) after purification from 108 copies/µL until 1 230 
copy/µL. Amplicon purification was done by agarose gel electrophoreses and subsequent gel 231 
extraction using the QIAquick Gel Extraction Kit (Qiagen) followed by purification with the 232 
Qiaquick PCR Purification Kit (Qiagen). DNA purity and concentrations were determined 233 
using Qubit (ThermoFisher).  234 
Statistical analysis. Significant differences (95% confidence interval) of BAM-degradation 235 
efficiency, total MSH1-GFP cell numbers, ratios of bbdA and bbdD over 16S rRNA gene copies 236 
and (specific) BAM-degradation rates between flow channels inoculated with a DCBA+ and 237 
DCBA- inoculum and between different feed conditions were determined with the unpaired 238 
Student’s T-test (significance at p<5%). 239 
Results 240 
Stability of the BAM-catabolic phenotype in a MSH1-GFP population when grown under 241 
varying conditions for a short term. The effect of culturing conditions on the stability of the 242 
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BAM-mineralization phenotype in MSH1-GFP was determined by growing MSH1-GFP in 243 
suspended batch under non-selective (R2B), semi-selective (R2B with 200 mg/L BAM) and 244 
selective (MS with 200 mg/L BAM) conditions (Experiment A (Step 1)). Cells from each 245 
culture were plated on R2A plates with 200 mg/L BAM and for each culturing condition, 90 246 
colonies were individually suspended in MS medium containing BAM that was 14C-labeled in 247 
the aromatic moiety as sole C and energy source. The extent of BAM-mineralization 248 
(percentage of 14C-CO2 of 14C-BAM added) was determined for each colony after two weeks 249 
of incubation. Culturing MSH1-GFP in MS medium with BAM as only C-source had a clear 250 
positive effect on the percentage of MSH1-GFP colonies that performed BAM-mineralization 251 
(Table 3). To examine if a culture grown on MS with 200 mg/L BAM segregated into non-252 
mineralizing and mineralizing cells and how this depended on the medium composition, cells 253 
originating from the culture grown on MS with 200 mg/L were transferred to the same three 254 
media used in step 1 of Experiment A and grown until an OD660nm of 0.4 representing around 255 
8 generations (Experiment A (Step 2)). The percentage of BAM-mineralizing colonies was 256 
again highest (80%) for MSH1-GFP grown in MS with BAM but unexpectedly this percentage 257 
did not decrease after growth in non-selective conditions (R2B without BAM). In contrast, 258 
after growth in semi-selective conditions (R2B with BAM), only 33% of all tested colonies 259 
showed mineralization indicating a clear impact of BAM on the percentage of the BAM-260 
mineralizing phenotype in case other C-sources are plentiful. 261 
To investigate whether loss of the BAM-mineralization phenotype is linked to the loss of 262 
specific BAM-catabolic genotypes, colony PCR was performed targeting the pBAM1 encoded 263 
bbdA gene responsible for the BbdA+ phenotype and bbdD and bbdF as markers for the two 264 
pBAM2 encoded gene clusters that determine the Dcba+ phenotype (and hence crucial for 265 
mineralization of the aromatic moiety of BAM). MSH1-GFP colonies showing mineralization 266 
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of BAM always tested positive for all three genes. MSH1-GFP colonies showing no BAM-267 
mineralization tested negative for bbdD and bbdF but were positive for bbdA (data not 268 
shown). These results show that lack of the BAM-mineralization phenotype is primarily 269 
linked with the lack of the genes responsible for 2,6-DCBA degradation and that it involves 270 
the loss of both gene clusters present on pBAM2 and possibly loss of pBAM2 in its entirety. 271 
Stability of the BAM-catabolic genotypes in a MSH1-GFP population during sequential 272 
batch growth for up to 100 generations under varying conditions. The lower percentage of 273 
BAM-mineralizing MSH1-GFP colonies observed in Experiment A when MSH1-GFP was grown 274 
in R2B with BAM compared to R2B was peculiar since the addition of BAM to R2B was 275 
intended to retain the BAM-catabolic genes during culturing. To further examine this, MSH1-276 
GFP was grown in either R2B, R2B with 20 mg/L BAM and R2B with 200 mg/L BAM and also 277 
in MS with 200 mg/L BAM for up to 100 generations, starting from a preculture grown on MS 278 
with 200 mg/L BAM (Experiment B). For each growth condition, the loss of the catabolic 279 
genotypes in function of the generation was quantified by means of qPCR targeting the 280 
Aminobacter 16S rRNA gene, bbdA (as a marker of BbdA+) and bbdD (as a marker of Dcba+) 281 
and determining the ratio of bbdA and bbdD abundance relative to the 16S rRNA gene copy 282 
number (Figure 1). Only bbdD was used as a marker for the Dcba+ phenotype since bbdD and 283 
bbdF were always lost together in Experiment A. The bbdA:16S rRNA gene and bbdD:16S 284 
rRNA gene ratios in the culture used for inoculation were 2.3±0.8:1 and 3.0±1.3:1, 285 
respectively. During growth in MS with BAM, the bbdA:16S rRNA and bbdD:16S rRNA gene 286 
ratio changed to 2.4±0.6:1 and 0.5±0.1:1, respectively, at generation 95. In R2B, R2B with 20 287 
mg/L BAM and R2B with 200 mg/L BAM, the ratio of bbdA over 16S rRNA gene copies did not 288 
significantly change for 66 generations but significantly decreased between generation 66 289 
and 100 by a factor 8, 7 and 6, respectively. In contrast, the ratio of bbdD over 16S rRNA 290 
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gene copies decreased already significantly between generation 0 and 18 and further 291 
decreased during the following generations. Moreover, the loss of bbdD was clearly affected 292 
by the BAM concentration as after 100 generations, the ratio bbdD:16S rRNA gene copies 293 
had decreased by a factor 206, 1270 and 3003 in R2B, R2B with 20 mg/L BAM and R2B with 294 
200 mg/L BAM, respectively.  295 
Stability of the BAM-catabolic genotype in MSH1-GFP in biofilms grown under continuous 296 
C and N starved conditions in flow channels. The results from the batch tests in high 297 
nutrient conditions show that the BAM-catabolic phenotype in MSH1-GFP is prone to 298 
genetic instability and that under non-selective conditions, MSH1-GFP cells that lack the 299 
Dcba+ phenotype and only contain the BbdA+ phenotype rapidly outnumber BAM-300 
mineralizing cells. Furthermore, the presence of BAM increases the rate of loss of the Dcba+ 301 
phenotype. We questioned (i) whether MSH1 was also prone to loss of the Dcba+ phenotype 302 
under the oligotrophic conditions of DWTPs that are substantially different from the high 303 
nutrient conditions in the batch systems used in Experiments A and B but nevertheless 304 
involve concentrations of BAM (around 1 μg/L) that are substantially lower than other AOC 305 
(100 μg/L) and (ii) whether this was affected by the BAM concentration. Therefore, the 306 
stability of the catabolic genotypes of MSH1-GFP when grown as a biofilm under C and N 307 
starved conditions was investigated by determining the loss of bbdA and bbdD in MSH1-GFP 308 
after growth in flow channels continuously fed with MS medium amended with different 309 
concentrations of BAM representing micro- (1, 10, 100 µg/L ) and macro-concentrations of 310 
BAM (1000 µg/L BAM). As in Experiment B, loss of bbdA and bbdD was determined by 311 
calculating the bbdA:16S rRNA and bbdD:16S rRNA gene ratio before and after growth in the 312 
flow chambers (Experiment C). Furthermore, loss of the BbdA+ phenotype would directly 313 
affect BAM degradation in the system, while loss of the Dcba+ phenotype will result into a 314 
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population of cells that lacks the ability to acquire energy and carbon from BAM and hence 315 
might indirectly affect BAM degradation. Therefore, we examined degradation of BAM by 316 
monitoring BAM concentration differences between influent and effluent and used CLSM to 317 
determine MSH1 biomass in the flow cells. Together, this allowed to determine activity per 318 
cell. Controls were included that were fed with MS medium without BAM. Furthermore, we 319 
decided to inoculate the flow channels with MSH1-GFP cultures that were precultured either 320 
on R2B with 200 mg/L BAM yielding an inoculum with a high incidence of BbdA+ Dcba- cells 321 
(DCBA- inoculum) (bbdA:16S rRNA and bbdD:16S rRNA gene ratio of 2.6±0.4:1 and 0.1±0.0:1) 322 
or on MS with 200 mg/L BAM yielding an inoculum with a high incidence of BbdA+ Dcba+ cells 323 
(DCBA+ inoculum) (bbdA:16S rRNA and bbdD:16S rRNA gene ratio of 2.4±0.2:1 and 324 
2.2±0.3:1). The two inocula were used to determine under which feed conditions the BbdA+ 325 
Dcba+ phenotype was lost (in case of the DCBA+ inoculum) or was enriched (in case of the 326 
DCBA- inoculum) in continuous systems. 327 
Time lapse residual BAM concentrations in the effluent of flow channels inoculated with 328 
either the DCBA- inoculum or DCBA+ inoculum did not differ but depended on the feed BAM 329 
concentration (Supplementary Material Figure S1). The BAM-degradation efficiency at the 330 
end of the experiment was in the range of 70-85% (Table 4). MSH1-GFP biofilms consisted of 331 
microcolonies of which the size (Figure 2) and total biomass (Table 4) were highly similar for 332 
biofilms fed with MS without BAM and fed with MS containing BAM concentrations of 1, 10 333 
and 100 µg/L indicating that residual AOC present in the medium was the main C source at 334 
those BAM concentrations. Clearly larger colonies and higher biomass was recorded at feed 335 
concentrations of 1000 µg/L BAM. Biomass values did not differ between systems inoculated 336 
with the DCBA- inoculum and those inoculated with the DCBA+ inoculum. The exception 337 
were systems fed with 1000 µg/L BAM, where biofilms originating from the DCBA+ inoculum, 338 
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showed a slight but significantly higher biomass (factor 1.5) compared to biofilms developed 339 
from the DCBA- inoculum. Specific BAM-degradation rates were determined for each 340 
condition at the end of the experiment and mainly depended on the feed BAM 341 
concentration (Table 4). Only in case of a feed of 1000 µg/L BAM, a slight but significant 342 
difference (factor 1.5 higher) in specific degradation rate was found for systems inoculated 343 
with the DCBA- inoculum compared to systems inoculated with the DCBA+ inoculum. 344 
The bbdA:16S rRNA gene ratio at the end of the experiment did not significantly differ from 345 
that of the inoculum for any of the implemented growth conditions and as such did not 346 
differ (i) between biofilms grown on different BAM concentrations, and (ii) between biofilms 347 
originating from a DCBA- inoculum or DCBA+ inoculum (Table 4 and Figure 3). The bbdD:16S 348 
rRNA gene ratio, however, clearly changed. In biofilms originating from the DCBA+ inoculum, 349 
the bbdD:16S rRNA gene ratio had decreased significantly (factor 7, 10, 8, 12 and 2 in case of 350 
feeds containing 0, 1, 10, 100 and 1000 µg/L BAM, respectively). Similarly, biofilms 351 
originating from the DCBA- inoculum became depleted in bbdD when grown on 0, 1 and 10 352 
µg/L BAM (factor 4, 3 and 4, respectively). In contrast, the DCBA- inoculum biofilms became 353 
enriched in bbdD when grown on 100 and 1000 µg/L BAM (factor 2 and 5, respectively). The 354 
results show that, as in high nutrient batch systems, the presence of additional C-sources 355 
results into the loss of especially bbdD in MSH1-GFP under the N and C limiting conditions of 356 
a DWTP. Loss of bbdA was, however, not observed and BAM removal rates were not 357 
affected.  358 
Stability of the BAM-catabolic genotype in MSH1-GFP in biofilms grown under C and N 359 
starved conditions in flow channels: elucidating the effect of AOC. To obtain more 360 
information on the role of residual AOC in the loss of bbdD in the flow chambers in 361 
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Experiment C, a second flow chamber experiment (Experiment D, Table 1) was initiated with 362 
a setup that was identical to this in Experiment C but in which the AOC content in the feed 363 
was reduced by a factor 3 (final AOC content was estimated at 20-30 µg/L AOC). As in 364 
Experiment C, the systems were inoculated with either a DCBA- inoculum (bbdA:16S rRNA 365 
and bbdD:16S rRNA gene ratio of respectively 2.67±0.33:1 and 0.03±1:1) and a DCBA+ 366 
inoculum (bbdA:16S rRNA and bbdD:16S rRNA gene ratio of respectively 2.70±0.43:1 and 367 
2.77±0.21:1) (Table 4 and Figure 3). Reducing the AOC content was expected to result into 368 
reduced non-selective growth and minimal loss of the Dcba+ phenotype. This was indeed the 369 
case. As in Experiment C, MSH1-GFP biofilms were characterized by microcolonies that only 370 
became more substantial in size compared to the feed condition without BAM, when BAM 371 
was added in the feed at 1000 µg/L. Biofilm biomass estimations (Table 4) showed that 372 
significantly less biofilm biomass (factor 2.5) was produced when AOC was reduced in the 373 
feed compared to when AOC was not reduced (Experiment C). The reduced growth had a 374 
clear effect on BAM degradation where in contrast to Experiment C, a linear and slower 375 
decrease in the residual BAM concentration was observed (Supplementary Material Figure 376 
S1). As in Experiment C, the bbdA:16S rRNA ratios did not change compared to the inoculum 377 
in any of the conditions (Table 4 and Figure 3). However, in contrast to Experiment C, the 378 
bbdD:16S rRNA ratios in the biofilms originating from the DCBA+ inoculum was not 379 
significantly different from that of the inoculum for any of the BAM feed conditions, neither 380 
it was in biofilms originating from the DCBA- inoculum in systems fed with 0, 1 and 10 µg/L 381 
BAM. In systems inoculated with the DCBA- inoculum receiving 100 and 1000 µg/L BAM, the 382 
bbdD:16S rRNA gene ratio had again increased (factor 6 and 60, respectively).  383 
Stability of the BAM-catabolic genotypes in MSH1 in bioaugmented pilot DWTP sand 384 
filters. In a previous study, both a MSH1-GFP culture with a high incidence of the BAM+ 385 
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DCBA+ phenotype (DCBA+ inoculum), and a MSH1-GFP culture with a high incidence in BAM+ 386 
DCBA- phenotype (DCBA- inoculum), were used for bioaugmentation of pilot DWTP sand 387 
filters to treat groundwater contaminated with BAM at a concentration of 0.2 μg/L (20) 388 
(Experiment E). The bbdA:16S rRNA and bbdD:16S rRNA gene ratio was estimated at 389 
0.50±0.05:1 and 0.10±0.02:1 in the DCBA- inoculum and 0.55±0.10:1 and 0.71±0.05:1 for the 390 
DCBA+ inoculum. The bbdA:16S rRNA gene ratios were previously determined in effluent and 391 
top layer sand filter samples during reactor operation and did not change in neither the 392 
reactor inoculated with the DCBA- or DCBA+ inoculum (20) (Figure 4). Similarly, the bbdD:16S 393 
rRNA gene ratio did not change in the top layer samples and effluent samples (both on 394 
average 0.01±0.01:1) of the reactor inoculated with the DCBA- inoculum. The bbdD:16S rRNA 395 
gene ratio in the top layer and effluent samples of the system inoculated with the DCBA+ 396 
inoculum, decreased significantly in time to 0.01±0.00:1 in the top layer samples and to 397 
0.04±0.00:1 in effluent samples by the end of operation. 398 
Discussion 399 
In this study, we show evidence that strain Aminobacter sp. MSH1 which is a candidate 400 
catalyst for application in DWTPs for removal of the common groundwater pollutant BAM, 401 
rapidly shows a high incidence of cells that lack the BAM-mineralization phenotype when 402 
carbon sources other than BAM are present in the growth medium. Lack of the BAM-403 
mineralization capacity in MSH1-GFP cells is in the first place due to the lack of the DCBA+ 404 
phenotype due to a loss of catabolic genes associated with pBAM2. The BbdA+ phenotype 405 
appears more stable. As a result, when conditions are non-selective, cells will develop that 406 
lack the catabolic genotype for full BAM-mineralization but still degrade BAM to 2,6-DCBA. 407 
Instability of organic xenobiotic catabolic genes in organic xenobiotic degrading bacteria has 408 
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been reported frequently and is either due to intramolecular gene rearrangements or 409 
complete plasmid loss (21-23). Our experiments show that loss of bbdD is concomitant with 410 
loss of bbdF indicating that both gene clusters on pBAM2 are simultaneously lost. Whether 411 
this is due to loss of the entire plasmid is currently unclear but PCR analysis of Dcba- mutants 412 
of MSH1 targeting the pBAM2 backbone genes indicate that this is the case (T’Syen, 413 
unpublished). Regarding loss of the BbdA+ phenotype, we have previously shown that in a 414 
BbdA- mutant, the strain contains a deleted version of pBAM1 which misses the whole 415 
accessory gene region indicating that the whole plasmid pBAM1 is not necessarily lost (12). 416 
Further increase of incidence of the Dcba- variant during growth of MSH1-GFP can be either 417 
due to the above mentioned genetic instability during cell division or due to growth rate 418 
advantage of the Dcba- cells over Dcba+ cells. The latter was observed in Pseudomonas 419 
putida hosting plasmid pTDN1 encoding the degradation of aromatic amines (TDN+ 420 
phenotype). Initial loss of the TDN+ phenotype was due to either a recombinational deletion 421 
or complete plasmid loss. (24). Similar observations were reported for pWW100 inferring 422 
biphenyl metabolism (BPH+) (25) and pWWO-1 inferring toluene degradation (TOL+) (26) in 423 
P. putida. Metabolic burden related to extra DNA/plasmid replication (27, 28) is suggested as 424 
a major reason for growth retardation of plasmid bearing cells compared to cured cells (24). 425 
Since in this study we always started from colonies grown on non-selective plates, the 426 
precise mechanism of propagation of the Dcba- phenotype is not clear. Based on the 427 
generation experiment (experiment B), we calculated that to obtain the 42% difference in 428 
the bbdD:16S rRNA gene ratio between generation 19 and 66, the Dcba- phenotype should 429 
have a growth rate that is a factor 1.1 higher than the Dcba+ phenotype and hence growth 430 
advantage is a plausible explanation. On the other hand, based on growth rate of both 431 
phenotypes and the proportion of each phenotype at 66 generations, the bbdD:16S rRNA 432 
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gene ratio in the inoculum should have been 0.72:1. However, this was not the case as 3:1 433 
was measured which indicates that only a very low fraction of the start population did not 434 
contain bbdD. Hence genetic instability likely contributed to the propagation of the Dcba- 435 
phenotype at least at the start of the generation experiment. Interestingly, the rate of 436 
incidence of the Dcba- phenotype during growth in R2B, increased when BAM was amended. 437 
Likely, the metabolic burden in MSH1-GFP cells is higher in the presence of BAM. Proteomic 438 
analysis suggests the increased production of the enzymes encoded by the bbdFGHIJK gene 439 
cluster in MSH1 in the presence of BAM and 2,6-DCBA (T’Syen, unpublished) as well as of 440 
several stress proteins (T’Syen, unpublished). The presence of BAM or the expression of the 441 
metabolic machinery might bring MSH1-GFP into a stress situation what might affect growth 442 
rates of the cell or genetic instability. Some authors reported the possibility that production 443 
of GFP can exert a metabolic burden on cells that carry gfp which might hence increase 444 
catabolic gene loss in the MSH1-GFP population. However, this is unlikely since Sekhar et al. 445 
(10) showed growth rates and biofilm formation of the MSH1-GFP that did not differ from 446 
those of the wild type strain. As such, no metabolic burden was expected from GFP-447 
production which is in agreement with observations in other organisms (29, 30). Therefore, 448 
we assume that conclusions regarding instability of the BAM catabolic phenotype/genotype 449 
in MSH1-GFP can be extrapolated to the wild type MSH1.  450 
Upon growth on BAM, the proportion of cells carrying both gene clusters increased and 451 
bbdD and bbdA levels were even attained that were respectively 2 to 3-fold higher than that 452 
of the 16S rRNA gene copy number. This is probably due to the presence of multiple plasmid 453 
copies per cell. Reported plasmid copy numbers per cell of IncP1 plasmids and of repABC 454 
plasmids are around 2-6 and 1-5 (31), respectively, Aminobacter genomes (accession 455 
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PRJNA316647) have three 16S rRNA gene copies, suggesting that the fraction of MSH1 cells 456 
having a Dcba+ and hence BAM-mineralization genotype/phenotype is two-fold lower than 457 
indicated by the bbdD:16S rRNA gene ratio.  458 
The observation of loss of the BAM-catabolic phenotype and in particularly the Dcba+ 459 
phenotype under non-selective conditions might have implications for the use of MSH1 in 460 
bioaugmentation of DWTP filter units. This relates first of all to its cultivation in high nutrient 461 
conditions to produce sufficient biomass for bioaugmentation. Recently, Schultz-Jensen et 462 
al. (32) presented optimal conditons for culturing MSH1 at high densities. The authors 463 
cultured the strain using glucose as the non-selective C-source and according to our 464 
calculations, the Dcba+ phenotype could have dropped to 5 % of the total  MSH1 population. 465 
The propagated final MSH1 suspension in its entirety tested positive for BAM-mineralization, 466 
but the BAM-catabolic capacity at the single-cell level was not tested (32). During cultivation 467 
prior to bioaugmentation, MSH1 cultures need to be monitored for the occurrence of the 468 
Dcba+ phenotype and preferably precultured in selective conditions prior to mass-cultivation 469 
in reactors.  470 
As important for bioaugmentation are the consequences of the catabolic instability for the 471 
strain’s actual performance in DWTP biofilter units where conditions are not necessarily 472 
selective, i.e., BAM is present at trace concentrations and other non-selective AOC is 473 
expected to be a factor 20 to 100 higher (9, 18, 33, 34). The retention of the BbdA+ 474 
phenotype but loss of the Dcba+ phenotype implicates that BAM is still degraded to 2,6-475 
DCBA by MSH1-GFP but impaired in further DCBA conversion. It also implicates that the 476 
Dcba- phenotype will not gain energy nor carbon from BAM in the highly oligotrophic 477 
environment of DWTP biofilters. Major questions were whether (i) observations in nutrient 478 
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rich medium conditions can be translated to starvation conditions, i.e. whether loss also 479 
occurs under the oligotrophic conditions of a DWTP and (ii) whether an inoculum with a high 480 
incidence of BbdA+ Dcba- cells affects BAM-degradation and performs differently compared 481 
to an inoculum with a high incidence of BbdA+ Dcba+ cells regarding BAM-degradation under 482 
the oligotrophic conditions of a DWTP. In our study, these questions were examined under 483 
controlled conditions in flow channels by exploring the activity and abundances of BbdA+ 484 
Dcba- and BbdA+ Dcba+ MSH-GFP populations under carbon and N limited feed conditions. 485 
Based on previous records of initial cell attachment of MSH1 and AOC estimations (10), we 486 
calculated that at the end of experiment C, the AOC in the feed supported 70 generations of 487 
MSH1-GFP. At the end of the experiment, the BbdA+ Dcba+ phenotype occurred at a ratio of 488 
0.2:1 bbdD:16S rRNA gene copies for MSH1-GFP grown in flow channels fed with 0, 1, and 10 489 
μg/L BAM and 0.1:1 when grown in flow channels fed with 100 µg/L BAM when starting from 490 
a DCBA+ inoculum. These numbers correspond remarkably well with the bbdD:16S rRNA 491 
gene ratio after 70 generations in experiment B in nutrient rich conditions, suggesting that 492 
the Dcba+ genotype is as efficiently lost under continuous C and N starved conditions when 493 
AOC is present in surplus to BAM. This is supported by Experiment D, where growth of 494 
MSH1-GFP was restrained by reducing AOC and were no reduction in the bbdD:16S rRNA 495 
gene ratio was observed in MSH1-GFP biofilms compared to the inoculum. Apparently, a 496 
metabolic burden also weighs on growth of the BbdA+ Dcba+ phenotype in MSH1-GFP 497 
biofilms in starved conditions. However, the presence of BAM did not affect the incidence of 498 
the BbdA+ Dcba+ phenotype which is in contrast to what was observed in nutrient rich 499 
conditions tested in batch. In R2B with 20 mg/L BAM and 200 mg/L BAM, the percentage of 500 
AOC derived from BAM to AOC derived from R2B is estimated at 1% and 10% and is hence 501 
comparable with this in the biofilms fed with 10 and 100 µg/L BAM. Possibly, the BbdA+ 502 
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Dcba+ phenotype does not undergo an extra metabolic burden when BAM is present at 503 
micropollutant concentrations. At feed concentrations of 1000 µg/L BAM, the relative 504 
abundance of the BbdA+ Dcba+ phenotype in flow chambers inoculated with the DCBA+ 505 
population remained high. At these concentrations BAM is in surplus to other C and 506 
apparently functions as a main and selective C source. This is supported by the results with 507 
the DCBA- inoculum that clearly increased in BbdA+ Dcba+ incidence when grown on 1000 508 
µg/L and 100 μg/L BAM. We can conclude that a surplus of AOC compared to BAM in intake 509 
groundwater contaminated with trace BAM concentrations might lead to loss of the BbdA+ 510 
Dcba+ phenotype in DWTP filtration units. This was confirmed by the pilot scale sand filter 511 
experiment, where intake groundwater contained BAM at 0.2 µg/L and AOC at 25 µg/L and 512 
also clear loss of the Dcba+ phenotype was observed when starting with an inoculum with a 513 
high incidence of BbdA+ Dcba+ cells. The long term fate of the Dcba+ phenotype and whether 514 
it will completely disappear from the system is currently unclear. 515 
Based on biovolume calculations of MSH1-GFP biofilms, specific BAM-degradation rates at 516 
micropollutant concentrations were the same in both flow chamber experiments (with and 517 
without reduction of AOC) as those reported by Sekhar et al. (10) and hence were 100-fold 518 
lower than those found for fresh cells in suspended batch conditions. Instability of the Dcba+ 519 
phenotype could be a cause of reduced activity since it will result into cells that cannot gain 520 
energy from the available BAM. However, while the abundance of the BbdA+ Dcba+ 521 
phenotype was significantly higher in biofilms originating from the DCBA+ inoculum 522 
compared to biofilms originating from the DCBA- inoculum, no significant difference in the 523 
specific BAM-degradation activity was observed when fed with either 1, 10 or 100 µg/L BAM. 524 
As such, the specific BAM-degradation activity at micropollutant concentrations of BAM 525 
(<100 µg/L BAM) was not influenced by the abundance of the BbdA+ Dcba+ phenotype in the 526 
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biofilms. As such, we hypothesize that the energy derived from BAM at those trace level 527 
concentrations does not substantially add to the energy gained from AOC which is sufficient 528 
to sustain BAM-degrading activity by BbdA. The low incidence of the Dcba+ phenotype in the 529 
MSH1-GFP cell population nevertheless raises concern about the mineralization of BAM and 530 
possible production of DCBA in the system which was not determined in this study and other 531 
studies (10, 20). An imbalance in BAM-mineralizing cells and DCBA-producing cells can lead 532 
to the partial accumulation of DCBA during bioremediation. The presence of indigenous 533 
microbiota mineralizing 2,6-DCBA bacteria in the sand filter as shown for some sand filters of 534 
DWTPs receiving BAM might solve this problem (35). 535 
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Tables 645 
Table 1. Overview of the experiments to assess BAM-catabolic stability in MSH1-GFP and MSH1 646 
 Origin of inoculum Culturing conditions Setup Assessment 
Experiment A BAM-mineralization stability of MSH1-GFP during short term growth 
Step 1 
Smear of MSH1-GFP colonies 
 on R2A plate amended  
with 200 mg/L BAM 
 MS with 200 mg/L BAM 
 R2B with 200 mg/L BAM 
 R2B 
Suspended 
batch  Colony screening for 14C-BAM-
mineralization 
 Colony PCR for 
bbdA, bbdD and 
bbdF  Step 2 
MSH1-GFP cells cultured in  
MS with 200 mg/L BAM (Step 1) 
 MS with 200 mg/L BAM 
 R2B with 200 mg/L BAM  
 R2B 
 
Suspended 
batch 
Experiment B Stability of the BAM-catabolic genotype during sequential batch growth 
 MSH1-GFP cells cultured in  MS with 200 mg/L BAM 
 MS with 200 mg/L BAM 
 R2B with 200 mg/L BAM 
 R2B with 20 mg/L BAM 
 R2B 
Suspended 
batch 
 Real time qPCR 
quantification of 
bbdA, bbdD and 
MSH1 16S rRNA 
gene in function of 
generation 
Experiment C BAM-catabolic stability of MSH1-GFP in C and N starved conditions 
 MSH1-GFP cells cultured in  MS with 200 mg/L BAM 
 
MSH1-GFP cells cultured in 
 R2B with 200 mg/L BAM 
MS medium 
 with no BAM 
 with 1 µg/L BAM 
 with 10 µg/L BAM 
 with 100 µg/L BAM 
 with 1000 µg/L BAM 
Continuously 
fed flow 
chamber 
 Real time qPCR for 
quantification of 
bbdA, bbdD and 
MSH1 16S rRNA 
gene 
 BAM-degradation 
efficiency 
 Biofilm biomass 
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quantification using 
CLSM 
Experiment D BAM-catabolic stability of MSH1-GFP in C and N starved conditions: AOC depletion in feed 
 
MSH1-GFP cells cultured in MS with 200 
mg/L BAM 
 
MSH1-GFP cells cultured in R2B with 
200 mg/L BAM 
AOC-depleted MS medium 
 with no BAM 
 with 1 µg/L BAM 
 with 10 µg/L BAM 
 with 100 µg/L BAM 
 with 1000 µg/L BAM 
Continuously 
fed flow 
chamber 
 Real time qPCR for 
quantification of 
bbdA, bbdD and 
MSH1 16S rRNA 
gene 
 BAM-degradation 
efficiency 
 Biofilm biomass 
quantification using 
CLSM 
Experiment E BAM-catabolic stability in a pilot scale reactor* 
 
MSH1-GFP cells cultured in MS with 200 
mg/L BAM 
 
MSH1-GFP cells cultured in MS with 200 
mg/L BAM and then in R2B with 200 
mg/L BAM 
Groundwater containing 0.2 
µg/L BAM 
Pilot scale  
DWTP sand 
filter 
Real time qPCR for 
quantification of 
bbdA, bbdD and MSH1 
16S rRNA gene 
* : Horemans et al. (20) 647 
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Table 2: PCR and qPCR primers used in this study for detecting and quantifying the MSH1-GFP 16S 648 
rRNA gene and the BAM-catabolic genes bbdA, bbdD and bbdF. Primers for qPCRs are indicated with 649 
RT (real-time). 650 
Target  Primers (F and R) Sequences Fragment size (bp)
16S rRNA of MSH1 27F* ACCGTATACGTCCGATAGGA 1465 
1492R* CTCGGACTCTAGATTGCCAG
 MSH1 F RT CAACCTTCGCCCTTAGTTGC 83 
 MSH1 R RT TCATCTTCACCTTCCTCGCG
bbdA bbdA-F1 ATGCCCAGTGGTGCAAATCTGCCA 1557 
 bbdA-R1543 CTTCTTGCGCCAATCCCCAGACTT
 AmiF RT ATATCACGGCCGGTACTATGCCAA 156 
 AmiR RT TCTTCCAAGATCGAACAACCCGGA
bbdD C11_ringdiox_509F ATAGTGCGTTGTGTTGCGTGTTTC 614 
C11_ringdiox_1099R AGGTGATCGGTGAGGGTATTCAGT
 C11 ringdiox F RT CCGAGCTGTTGGTTTCATCG 146 
 C11 ringdiox R RT GATCTTCAATACGCCGCTGG
bbdF C6_23diox_1833F GCTTTTCCCCATTTGTTGAGCGTT 435 
 C6_23diox_2244R CGGTCCTGTTCAGCATTTGACTTT
*: Universal bacterial primer pair targeting the 16S rRNA gene in bacteria (36). F: forward 651 
primer; R: reverse primer. 652 
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Table 3. Percentage of MSH1-GFP colonies that showed mineralization of BAM (> 5% 14C-CO2 653 
production) or no mineralization (< 5% 14C-CO2 production) when transferred to MS with 14C-BAM. 654 
Colonies originated from R2A plates containing 200 mg/L BAM after (i) plating of MSH1-GFP cells 655 
cultured in triplicate in R2B, R2B with 200 mg/L BAM and MS with 200 mg/L BAM that were 656 
inoculated with a smear of MSH1-GFP colonies growing on a R2A plate with 200 mg/L BAM 657 
(Experiment A (Step 1) (Table 1)) or (ii) plating of MSH1-GFP cells cultured in triplicate in R2B, R2B 658 
with 200 mg/L BAM and MS with 200 mg/L BAM that were inoculated with a MSH1-GFP culture 659 
grown in MS with 200 mg/L BAM (Experiment A (Step 2) (Table 1)). 660 
 Percentage of tested colonies 
 Mineralization 
No Yes 
Inoculated with smear of MSH1-GFP   
R2B 90±7% 10±7% 
R2B with BAM 95±4% 5±4% 
MS with BAM 12±9% 88±9% 
Inoculated from culture grown on MS   
R2B 11±10% 89±10% 
R2B with BAM 30±6% 70±6% 
MS with BAM 15±7% 85%±7 
 661 
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Table 4. Stability of the BAM-catabolic genotypes in MSH1-GFP biofilms (Experiment C and D) that developed from the Dcba- or Dcba+ MSH1-GFP inoculum 662 
when continuously fed with MS medium containing 0, 1, 10, 100 and 1000 µg/L BAM. BAM-degradation efficiency, the total number of MSH1-GFP cells and 663 
the MSH1-GFP specific BAM-degradation activity were determined for each condition at the end of the experiment. 664 
 
BAM feed 
[µg/L] 
bbdA:16S rRNA
gene ratio 
bbdD:16S rRNA
gene ratio 
BAM-degradation 
efficiency [%] 
MSH1-GFP cells 3
[cells] 
Specific degradation 
rate 4 [µg/cell/min] 
  
DCBA- 
Inoculum1 
DCBA+
Inoculum 2 
DCBA-  
Inoculum 
DCBA+  
Inoculum 
DCBA-  
Inoculum 
DCBA+  
Inoculum 
DCBA-  
Inoculum 
DCBA+  
Inoculum 
DCBA-  
Inoculum 
DCBA+  
Inoculum 
Inoculum  2.56±0.40 2.40±0.20 0.08±1 2.20±30 - - - - - - 
 - 3.41±0.79 4.64±1.69 0.02±0.00 0.33±0.18 - - 8.6±1.4 x 107 1.2±0.1 x 108 - - 
 
0.9±0.0 4.19±0.20 4.98±0.66 0.03±0.01 0.21±0.08 68±1 77±4 1.6±0.2 x 108 1.7±0.3 x 108 2.3±0.0 x 10-13 2.5±0.1 x 10-13
6.9±0.0 4.12±0.06 3.11±0.77 0.02±0.01 0.29±0.16 76±4 67±4 2.3±0.2 x 108 2.2±0.2 x 108 1.4±0.1 x 10-12 1.3±0.1 x 10-12
73.1±0.9 1.93±0.39 1.85±0.78 0.15±0.12 0.18±0.06 83±1 85±2 3.5±0.6 x 108 3.2±0.5 x 108 1.1±0.0 x 10-11 1.1±0.0 x 10-11
733.6±0.9 1.72±1.01 2.58±0.73 0.38±0.11 0.150±0.45 84±1 85±3 5.8±1.2 x 108 8.5±1.0 x 108 6.4±0.1 x 10-11 4.4±0.1 x 10-11
Inoculum  267±33 270±43 3±1 277±21 - - - - - - 
 - 2.47±1.08 3.54±1.21 0.13±0.15 1.90±0.22 - - 9.1±1.8 x 107 9.7±1.3 x 107 - - 
With reduced AOCC 
1.1±0.0 1.45±0.33 2.18±0.94 0.01±0.02 3.31±0.73 53±2 48±3 9.8±4.2 x 107 9.5±2.5 x 107 3.3±0.1 x 10-13 3.2±0.2 x 10-13
9.1±0.9 4.90±0.43 2.18±1.77 0.04±0.06 1.66±1.41 35±7 47±9 1.1±0.2 x 108 9.3±3.1 x 107 1.8±0.4 x 10-12 2.7±0.5 x 10-12
93.5±4.2 3.22±1.63 3.44±0.19 0.17±0.03 1.89±0.85 48±3 57±4 1.1±0.3 x 108 1.7±0.2 x 108 2.4±0.1 x 10-11 1.8±0.1 x 10-11
1102.3±55.0 3.52±0.43 2.46±0.73 1.77±1.06 3.53±1.27 38±0 41±5 2.2±0.6 x 108 4.6±1.0 x 108 1.1±0.0 x 10-10 5.8±0.1 x 10-11
 665 
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1 DCBA- inoculum: MSH1-GFP culture used for inoculation of flow channels was cultivated in R2B with 200 mg/L BAM and has a high incidence of BbdA+ Dcba- 666 
cells. 667 
2 DCBA+ inoculum:MSH1-GFP culture used for inoculation of flow channels was cultivated in MS with 200 mg/L BAM and has a high incidence of BbdA+ Dcba+ 668 
cells. 669 
3 MSH1-GFP cell numbers were calculated by dividing the GFP-labeled biofilm biovolume (µm³) with the MSH1-GFP cell volume (0.36 µm³/cell) (10). Values 670 
are averages with standard deviation and were derived from nine image stacks (three image stacks taken of each of three biofilms). 671 
4 BAM-degradation rate [µg BAM/min] in flow channels were calculated as follows: BAM-degradation efficiency [%] x actual BAM concentration [µg/L] x flow 672 
rate [L/min]. Specific BAM-degradation rate [µg BAM/cell/min] was calculated as follows: BAM-degradation rate [µg BAM/min] divided by number of MSH1-673 
GFP cells 674 
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Figure legends 675 
Figure 1. Ratio of bbdA (full symbol) and bbdD (empty symbol)over 16S rRNA gene copies in function 676 
of the generation of MSH1-GFP grown in either R2B (circle), R2B with 20 mg/L BAM (square), R2B 677 
with 200 mg/L BAM (triangle) or MS with 200 mg/L BAM (diamond). MSH1-GFP was pre-cultured in 678 
MS with 200 mg/L BAM (Experiment B). Values are averages with standard deviation (n=6). 679 
Figure 2. CLSM images of MSH1-GFP biofilms grown in flow channels continuously fed with MS 680 
medium containing BAM at 1, 10, 100, 1000 µg/L and no BAM, without (Experiment C) (left) and with 681 
(Experiment D) (right) reduction of AOC in the feed. Biofilms are shown for channels inoculated with 682 
an MSH1-GFP inoculum with high incidence of BbdA+ Dcba- cells (DCBA-) and an inoculum with a high 683 
incidence of BbdA+ Dcba+ cells (DCBA+). Biofilm images are top view 3D-representations of image 684 
stacks taken with CLSM. 685 
Figure 3. Ratio of bbdA (plain bars) and bbdD (patterned bars) over 16S rRNA gene copies in the 686 
MSH1-GFP culture used for inoculation and in the MSH1-GFP biofilms grown in flow channels fed 687 
with MS medium containing no BAM and BAM at 1, 10, 100, 1000 µg/L without (left panel) 688 
(Experiment C) and with (right panel) (Experiment D) reduction of AOC in the feed. Biofilms 689 
developed from either a DCBA- (white) and DCBA+ (grey) inoculum. Values are averages with 690 
standard deviation (n = 6). 691 
Figure 4. Ratio of bbdA (full symbols) and bbdD (empty symbols) over 16S rRNA gene copies in top 692 
layer (left panel) and effluent (right panel) samples of pilot DWTP sand filters (Experiment E) 693 
inoculated with strain MSH1 that treat BAM-contaminated groundwater for drinking water 694 
production. The MSH1 inoculum had either a high incidence of BbdA+ Dcba- cells (circles) or a high 695 
incidence of BbdA+ Dcba+ cells (squares). Values are averages with standard deviation (n=4). 696 
 697 
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